Simple and inexpensive methods for the speciation of arsenite, arsenate, monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA) in environmental water samples were developed. In these methods a hydride generation-atomic absorption spectrometry (HG-AAS) technique was employed and perchloric acid (as a reaction medium), L-cysteine (as a pre-reducing agent for a certain contact time between its addition and analysis) and sodium tetrahydroborate(III) (NaBH 4 , as a reducing agent) were used. The use of L-cysteine greatly enhances the absorption signals of all four arsenic species at low acid concentration (0.001-0.04 M). The methods developed for the determination of total arsenic and total inorganic arsenic and speciation of the four arsenic species in environmental water samples are as follows. 
Introduction
Based on strong epidemiological evidence of the effects of inorganic arsenic from inhalation and oral exposures, arsenic has been classified as a Group 1 carcinogen in humans. [1] [2] [3] [4] Such an approach results in an increased incidence of skin and liver cancer and failure of other organ systems. 5, 6 Speciation of arsenic in environmental systems continues to be an important topic, mainly because the toxicity and bioavailability of this element is species dependent. Toxicity of the most commonly occurring and most toxic arsenic species in environmental systems decreases in the order As(III) > As(V) > > monomethylarsonic acid (MMA) > dimethylarsinic acid (DMA). 5, 7, 8 Therefore, determination of the total arsenic content in a sample does not necessarily reflect the level of hazard of this element.
Several methods for speciation of arsenic in environmental systems have been published, 8, [9] [10] [11] [12] [13] [14] with hydride generationatomic absorption spectrometry (HG-AAS) being one of the most common techniques used. The aim of this work was to develop a simple, rapid, inexpensive, accurate and precise technique for speciation of the most commonly occurring and most toxic species in environmental samples using HG-AAS. This technique has been found to be suitable to satisfy the above-mentioned criteria. Perchloric acid, as a reaction medium in the presence and absence of L-cysteine, was one of several acids used to study the effect of its concentration upon arsine generation from As(III), As(V), MMA and DMA, which has resulted in several methods for the analysis and speciation of arsenic in environmental water samples. 15, 16 The work showed that speciation of the four arsenic species in environmental water samples was possible by controlling reaction conditions associated with concentrations of the reaction medium and reducing and pre-reducing agents.
Experimental

Equipment
A vapour generation accessory (VGA-76, Varian, Palo Alto, CA, USA) connected to an atomic absorption spectrometer (Spectra 300, Varian) was operated as reported elsewhere. 16 
Reagents and Solutions
2.2.1. General. All chemicals were of analytical-reagent grade unless stated otherwise. All glassware was soaked in 4 M nitric acid for a minimum of 12 h and washed with distilled water and finally rinsed with Milli-Q reagent water (Millipore, Bedford, MA, USA) before use. All water used was obtained from a Milli-Q reagent system, resistivity 18 MW cm. LCysteine (minimum 98% by TLC) was obtained from Sigma (St. Louis, MO, USA), sodium tetraborohydride from Merck (Darmstadt, Germany) or Alfa (Dinvers, MA, USA), As(III) atomic absorption standard solution (1 mg mL 21 ), As(V) (As 2 O 5 , 99.999%) from Acros (NJ, USA), MMA as disodium methylarsenate (99%) from Chem Service (PA, USA) and DMA (cacodylic acid, 98%) from Aldrich (Milwaukee, WI, USA). Various concentrations of NaBH 4 stabilised with NaOH were used; the concentration of NaOH was maintained at 0.5% in experiments where the NaBH 4 concentration exceeded 0.6%, while both reagents were kept at the same concentration when NaBH 4 was used at concentration levels less than 0.6%. It was found that the NaBH 4 solutions prepared in this way were stable for at least 8 h. Percentages of NaBH 4 , NaOH and L-cysteine are expressed as w/v.
Arsenic standard solutions.
The arsenic standard solutions were prepared as described elsewhere. 16 
Water samples
Two environmental water samples were collected from Coen dam in Queensland, Australia. This dam is located in an area close to gold mining activities. The first sample was collected before water treatment purification (BWT) and the other after treatment (AWT). Direct membrane filtration using alum was used in the treatment method. The pH value of each sample was measured and found to be 6.5.
Analytical procedures
Working standard solutions were prepared as required by appropriate dilution of stock standard arsenic solutions and additions of the required volumes of perchloric acid and Lcysteine solutions (when used) to achieve the required concentrations. The solutions were then rapidly mixed and introduced into the HG-AAS system after a specified contact time, which was the time allowed for L-cysteine to react with arseniccontaining solutions before the commencement of the introduction of solutions into the HG-AAS system. Blanks and calibration solutions were prepared and analysed in a similar way. The same procedure was also followed for the analysis of environmental water samples. The accuracy of the methods was checked by re-analysing the same environmental water samples after spiking with arsenic species. A specific regime for analysis and speciation of arsenic described in a previous paper 16 was followed.
Calibration curves
Details of calibration curve parameters are given in Table 1 .The arsenic species used to construct a calibration curve was the same as that for which the speciation analysis was undertaken. Although any species could be used for total arsenic (TAs) determination, As(III) was used in this study. Similarly, either As(III) or As(V) could be used for total inorganic arsenic (TInAs) determination, and in this study As(III) was used. Calibration curves that follow simple straight-line equations (first order) were used for all analyses, except for TAs, for which a straight-line of second order was used to obtain a calibration curve with wider linear working range (LWR). Straight-line calibration curves of second or third order with wider LRW can also be used for all analyses.
Results and discussion
Perchloric acid is a strong oxidising agent and highly corrosive to most metals; it is also considered to be toxic by all exposure routes and it is hazardous according to worksafe criteria. 17 The US Food Drug Administration has used it to digest food samples at a temperature of 80°C before analysis for total arsenic, As(III), and As(V) by HG-AAS after the removal of perchloric acid. 18 No other information was found in the literature concerning the use of HClO 4 as a reaction medium in the speciation of arsenic by HG-AAS. To obtain a signal for DMA only in the presence of the other three species, suppression of the signals of these three species has to be accomplished, which can be achieved by employing lower concentrations of NaBH 4 ;
Effect of HClO
(b) The use of moderate concentrations of acid (4-6 M) produces high signals from both As(III) and As(V), with the As(III) signal being more than double that of As(V), and low diminishing signals from both DMA and MMA. A possible Table 1 Experimental conditions for calibration curves and speciation of arsenic in mixtures containing all four arsenic species . f Detection limit calculated from three times the standard deviation of the replicated blanks. The values in parentheses (n) are the number of blank readings taken to calculate the DL. g Amount of the determined species; equal amounts of the remaining species were also added. For TInAs, two species [As(III) and As(V)] were determined together, while for TAs, all four species were determined together, therefore the amounts shown are for two and four species, respectively. h Number of readings taken for each speciation analysis. i Average concentration of arsenic species found. j Percentage error from the average. k Standard deviation. determination of As(III) with negligible interference from the other three species may be achieved by using lower concentrations of NaBH 4 .
To address the above observations, the effect of NaBH 4 concentration on the absorption signals of all four arsenic species was studied. 4 concentration in the absence of L-cysteine 3.2.1. When using low acid concentrations. In an attempt to produce signals from DMA only when using low HClO 4 concentrations ( < 0.2 M), the effect of NaBH 4 concentration (0.02-2%) on the absorption signals of solutions containing single arsenic species was investigated. It was found that use of NaBH 4 concentrations of 0.02-0.05%, when using 0.005-0.01 M HClO 4 , produced signals from DMA only with negligible interference from the other three species. Higher concentrations of NaBH 4 were found to enhance markedly the signals of the other species and hence increase their interference with the DMA signal. On the other hand, the use of lower concentrations of NaBH 4 was found to produce no signals from all species. Speciation of DMA in a solution containing all four arsenic species, under the above-mentioned conditions, was undertaken and found to produce good results (Table 1, A).
Effect of NaBH
When using moderate acid concentrations.
Using a similar approach, the effect of NaBH 4 concentration (0.02-2%) on obtaining signals from As(III) only, when using medium acid concentrations (2-6 M), was investigated. It was found that the use of NaBH 4 concentrations of 0.05-0.1%, with acid concentrations of 2-6 M, gave reproducible As(III) signals with negligible interference from the other three species. The use of lower NaBH 4 concentrations produced negligible As(III) signals, and the use of higher NaBH 4 concentrations gave a high interference from the other three species. These conditions were re-examined, but using a solution containing all four arsenic species, and were found to yield encouraging results for speciation of As(III) (see Table 1 , B).
When using high acid concentrations.
The effect of NaBH 4 concentration on obtaining a combined signal for both As(III) and As(V), when using high acid concentrations (7.5-11 M), was investigated. The use of NaBH 4 concentrations of 0.05-1% produces similar reproducible signals from both species with negligible interference from the other two species. Unlike results found previously for HCl, 16 the use of HClO 4 under these conditions, yields a method for the determination of TInAs. These findings were also examined by analysing a solution containing all four arsenic species using 8 M HClO 4 and 0.6% NaBH 4 and found to yield good results (Table 1, C). 4 concentration when using 0.4% L-cysteine at a constant contact time and 0.6% NaBH 4 Results of a study on the effect of HClO 4 concentration up to 11.1 M on the absorption signals of all four arsenic species when using 0.4% L-cysteine (contact time 2 h) and 0.6% NaBH 4 are shown in Fig. 2(A) . The absorption signals of all species increase rapidly with increase in acid concentration over a very low and narrow acid concentration range, with most species reaching an identical maximum at an acid concentration of approximately 0.04 M, as shown in the expansion over the lower acid concentration range [ Fig. 2(B) ]. MMA was an exception, showing a maximum at a similar acid concentration, but with a lower signal. It is clearly necessary to improve the MMA signal to obtain a value for TAs. Comparison of Fig. 1 and 2(A) shows that the use of L-cysteine produces higher and similar signals from all four species at lower acid concentrations. Moreover, similar strength signals from both As(III) and As(V) over the whole HClO 4 concentration range were obtained; this result is consistent with the reduction of As(V) to As(III) by L-cysteine before the introduction of NaBH 4 
Effect of HClO
Effect of NaBH 4 concentration on obtaining a total arsenic signal.
In an attempt to produce similar signals from all four arsenic species when using low acid concentration [see Fig. 2(A) ], the effect of NaBH 4 concentration (0.02-2%) at higher L-cysteine concentration (2.5%) was studied. It was found that, after a contact time of 60-80 min when using 0.01 M acid, the minimum NaBH 4 concentration that is required to produce similar signals from all four arsenic species is 0.6%. The use of NaBH 4 concentrations > 0.6% provides no further increase in signals of the four arsenic species. Further investigation on the effect of contact time on the signals under these conditions will be discussed shortly.
Effect of NaBH 4 concentration on obtaining a DMA signal.
To produce signals from DMA with negligible interference from the other three species, the effect of NaBH 4 concentrations (0.02-2.0%) when using 2 M acid in the presence of 0.4% L-cysteine (contact time approximately 2 h) was investigated. The concentration of NaBH 4 that is required to yield reproducible DMA signals with no interference from the other three species was found to be 0.05-0.2%. Further increase in NaBH 4 concentration increases the interference in the DMA signal, while lower NaBH 4 concentrations produce no signals. Therefore, NaBH 4 concentrations of 0.05-0.2% in 2 M acid in the presence of 0.4% L-cysteine provide a pathway for speciation of DMA in the presence of the other three species. Fig. 2 show that the use of acid concentrations of > 7 M, when using 0.4% L-cysteine after a contact time of approximately 2 h and 0.6% NaBH 4 , produces signals from MMA only with negligible signals from the other three species. After a study on the effect of NaBH 4 concentration (0.02-2%) on signals of the four arsenic species, under the above-mentioned conditions, it was found that the use of NaBH 4 concentrations of 0.1-0.6% gave low signals from MMA without interference from the other three species. The use of NaBH 4 concentrations to > 0.6% increases the interference of the other three species.
Effect of NaBH 4 concentration on obtaining an MMA signal. The results in
Effect of contact time on obtaining a total arsenic
signal. In the work described in Section 3.3, long contact times were allowed to ensure that the reaction of arsenic species with L-cysteine was complete. In an attempt to find a shorter analysis time when using L-cysteine, the effect of contact time on the absorption signals was studied.
The effect of contact time (2-20 minutes) on obtaining similar signals from all four arsenic species, when using 0.01 M acid, 4% L-cysteine and 1% NaBH 4 , was investigated and it was found that such signals could be obtained when a contact time of 6-10 min was applied; longer times (up to 20 min) had no further effect on signals. In an attempt to reduce the analysis time further, higher concentrations of L-cysteine and NaBH 4 were used, which resulted in a slightly shorter contact time (4 min). The determination of TAs in solutions containing all four arsenic species, under these conditions, was found to yield very good results (Table 1, D) .
Effect of contact time on obtaining a DMA signal.
As indicated in Section 3.3.2, the presence of L-cysteine provides another opportunity for the speciation of DMA, but this time at higher concentrations of both acid and NaBH 4 . After an investigation on the effect of contact time (2-20 min) on obtaining signals from DMA only, in a solution containing all four arsenic species, when using 2 M HClO 4 , 2.5% L-cysteine and 0.6% NaBH 4 , it was found that a minimum contact time of 5 min is necessary to yield reproducible results (Table 1, E).
Effect of contact time on obtaining an MMA signal.
It has been shown that the use of NaBH 4 concentrations of 0.1-0.6%, when using acid concentrations > 7 M and 0.4% Lcysteine after a long contact time (2 h), results in low MMA signals (Section 3.3.3). Conditions were therefore sought for an enhanced MMA signal at shorter contact times. Fig. 3 illustrates the results obtained by varying the conditions on solutions containing only MMA. Increasing the L-cysteine concentration from 0.4% (Section 3.3.3) to 1% when using 7.5 M acid and 0.3% NaBH 4 , results in higher signals for MMA, but the reduction of MMA does not reach completion even after a 2 h contact time [see Fig. 3(A) ]. The use of higher concentrations of acid (8 M), L-cysteine (2%) and NaBH 4 (0.6%) [ Fig. 3(B) ], produces higher MMA signals in a shorter contact time, but with no reduction completion even after 95 min [compare Fig.  3(A) and (B) ]. An increase in L-cysteine concentration to 3% shortens the contact time needed to reduce MMA completely to 55 min [ Fig. 3(C) ].
Based on the above results, the determination of MMA in mixtures containing all four species can be best carried out using 8 M acid, 3% L-cysteine after a contact time of approximately 50 min, and 0.6% NaBH 4 . Speciation of MMA in solutions containing all four arsenic species was carried out and shown to yield good results (Table 1, F) . The analysis can also be performed by employing other experimental conditions, such as those used to obtain the results shown in Fig. 3(A) and (B).
Speciation of As(V)
The methods developed in this study for the speciation of As(III), MMA and DMA and the determination of TInAs and TAs can be used to determine a value for As(V). This can be achieved in either of two ways: (i) the difference between TInAs and As(III) [As(V) = TInAs -As(III)], or (ii) the difference between TAs and the sum of the other three species {As(V) = TAs -[As(III) + MMA + DMA]}.
Analysis of environmental samples
Environmental dam water samples were analysed using the experimental conditions used for analysis of synthetic solutions of arsenic mixtures (see Table 1 ). Six sub-samples of each water sample were analysed; the first three sub-samples were used for the determination of DMA, As(III) and TInAs in the absence of L-cysteine, and the other three sub-samples for the determination of TAs, DMA and MMA in the presence of L-cysteine. Details of the results are given in Table 2 .
As discussed earlier, DMA can be speciated using two different sets of experimental conditions, one in the absence and the other in the presence of L-cysteine. Speciation of DMA in real samples showed that either of them can be used, but the second method yielded better results and was therefore used in the As(V) calculation. As(V) was found to be the dominant species in these water samples with values of > 95% of TAs. This is expected as the dominance of inorganic arsenic species in natural and ground waters is controlled by pH and the oxidising or reducing conditions of such waters. [19] [20] [21] [22] The pH value of each of the samples analysed in this work was found to be approximately 6.5, which is consistent with the As(V) results. These results are also consistent with results of other natural water samples obtained by other workers. 19, [23] [24] [25] The TAs content in the second sample (AWT) was found to be much lower than that in the first (BWT). This is expected as it represents the arsenic residue left after water treatment. As shown in Table 2 , As(V) can be calculated by either of two methods. The results of both methods are in good agreement.
The accuracy of the methods developed in this work was assessed using the standard addition method; good recoveries (90-112%) of added spikes were obtained.
Conclusions
The selective reduction of the four arsenic species when using HClO 4 as a reaction medium allowed the determination of As(III), DMA and TInAs in the absence of L-cysteine and TAs, DMA and MMA in the presence of L-cysteine. These determinations were achieved using a short reaction time (approximately 5 min), except for MMA, which needed a minimum of 50 min to yield reliable results.
This work shows that the use of HG-AAS and the selection of the appropriate experimental conditions resulted in simple, sensitive and inexpensive methods for the speciation of all four arsenic species in environmental water samples. However, before assessing the usefulness of these speciation methods, a more comprehensive programme of analysis of environmental water samples from different sources has to be undertaken.
Given the risk associated with perchloric acid, its use in these analyses was found to be safe. Moreover, the use of perchloric acid in this work was found to be advantageous compared with other acids; 15, 16 it was the only acid that permitted the determination of TInAs. This is of great importance, especially when the level of hazard associated with arsenic in a sample needs to be assessed, as the inorganic forms of arsenic are the most toxic species. Other than this, the effect of HClO 4 as a reaction medium on arsine generation was found, in general, to be similar to the effect of other acids. 15, 16 These similarities, especially in the absence of L-cysteine, indicate that the pH, rather than the nature, of the acid is an important feature in affecting the rate and extent of arsine generation from all four arsenic species. < DL a Arsenic concentration found in unspiked samples. b Concentration of the analyte species which was used to spike the sample; equal amounts of the remaining species were also added. For TInAs, two species [As(III) and As(V)] were determined together, whereas for TAs, all four species were determined together, therefore the amount shown are for two and four species, respectively. c Concentration of the analyte species in spiked samples. 
